Dual band passive RF components using partially coupled Stepped-impedance coupled lines. by Gao, Xin. & Chinese University of Hong Kong Graduate School. Division of Electronic Engineering.
Dual Band Passive RF Components Using Partially 
Coupled Stepped-impedance Coupled Lines 
GAO, Xin 
A Thesis Submitted in Partial Fulfillment 
of the Requirements for the Degree of 
Master of Philosophy 
in 
Electronic Engineering 
©The Chinese University of Hong Kong 
September 2007 
The Chinese University of Hong Kong holds the copyright of this thesis. 
Any person(s) intending to use a part or whole of the materials in the 
thesis in a proposed publication must seek copyright release from the 
Dean of the Graduate School. 
0 2 SEP 18 ) | 
條 口 s y s t e m / ^ 
Abstract of thesis entitled: 
Dual Band Passive RF Components Using Partially Coupled 
Stepped-impedance Coupled Lines 
Submitted by G A O , X i n 
for the degree of Master of Philosophy 
at The Chinese Uni versity of Hong Kong in August, 2007 
Dual Band Passive RF Components Using 
Partially Coupled Stepped-impedance Coupled Lines 
ABSTRACT 
The dual band passive RF components have drawn a great deal of attention in 
recent years as the increased popularity of the multi-band and multi-functional 
wireless systems such as WLAN，Mobile TV and multi-band mobile phones. Among 
various basic circuit configurations that can control more than one modes resonating 
at different frequencies, stepped-impedance resonator (SIR) is a simple but effective 
choice. Most people use stepped-impedance for reducing component size. For dual 
band applications, SIR is mostly used in filters although it has been reported that SIR 
can also be used to achieve a dual band power divider. 
- i 
As a critical element in an RF front end, balim is widely used in balanced mixers, 
frequency multipliers, the transition between a balanced port device and an 
unbalanced port device and so on. However, for dual band balun, very little 
literatures are available to best of our knowledge. It will be highly desirable to have 
different dual band balun configurations to fulfill various applications in wireless 
communication. 
In this thesis, we proposed a new configuration called partially coupled 
stepped-impedance coupled lines for dual band applications. This configuration 
combines the basic properties of coupled lines and SIRs. As an example of the 
partially coupled stepped-impedance coupled lines, a novel dual band balun is 
proposed. The two frequency bands of the proposed balun can be arbitrarily specified 
in theory. Design equations of the dual band balun are formulated by using the 
matching conditions of the even- and odd- modes. Different design cases are studied, 
from which a design procedure and guidelines for such new dual band balun are 
given. A practical dual band balun was fabricated to validate the new concept and the 
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f I ^he multi-frequency band RF front end have drawn a great deal of attention in 
M recent years as the increase of multi-band and multi-functional wireless 
systems such as wireless LAN, Bluetooth, mobile T V and multi-band mobile phones. 
Figure 1-1 just shows few examples. These wireless products influence our daily life. 
To achieve a multi-frequency band RF front end, dual band RF passive components 
like a balun and a filter are not only critical but also compulsory. Until now, many 
dual band RF passive components have been reported [l]-[6]. In [1], a new dual band 
Wilkinson power divider was proposed by using a dual band impedance transformer, 
which is composed of a two-section branch-line and a shunt element. A dual band rat 
race coupler has been reported in [2], which is accomplished by modifying the length 
and impedance of the branch lines in the conventional structure，and the insertion of 
two additional shunt stubs. Further more, additional shunt stubs were added in [3] to 
enhance the bandwidth of the dual band rat race coupler. Dual band branch-line type 
couplers have also been reported in [4] and [5]. The electrical lengths of the vertical 
and horizontal branches of the dual band coupler in [4] are integer multiple of 90 
1 
Introduction 
degree, evaluated at the mid-frequency of the two operating bands. In [5], the author 
presented a novel approach to the design and implementation of a dual band compact 
planar branch-line coupler. All branch lines in the coupler are only 
quarter-wavelength long, which means the integer mentioned in [4] is 1. The 
electrical length is also evaluated at the mid-frequency of the two operating bands. A 
dual band balun filter design that uses stepped-impedance resonator (SIR) [7] to 
achieve dual band is proposed in [6]. For lumped-element type, people mostly use 
two LC resonators to make the components operate at two desired frequencies. 
Wireless Adapter & Router f ', ^ ^ Smartphone 
(Wi-Fi @ 2.4 GHZ, 5 GHz) (wi-Fi @ 2.4 GHz. 5 GHz; 
/
\ ； E^pS^- l GSM @ 800 MHz, 900 MHz, 1800 
I 、 丨 MHz, 19。。MHz〉 
• ' 一 ^ (Wi-Fi @ 2.4 GHz. 5 
Figure 1-1. Electronic devices using multi-frequency band. 
Among various basic circuit configurations that can control more than one 
modes resonating at different frequencies, SIR is a simple but effective choice since 
it can easily control the separation of the two resonant frequencies of the dual band 
components. However, most literatures concerned with SIR use this technique to 
reduce the size of couplers and filters [8]. For dual band components using SIR, 
2 
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papers were focused on the dual band filter design [9]-[ll] while some tried to use 
SIR in the design of dual band power divider [12]. 
Most dual band baluns reported employing techniques other than SIR to achieve 
dual band. For example, in [13], a method based on lumped element equivalent 
circuit of quarter-wave transformer was used to design a dual band balun. The 
operating frequencies of the proposed balun locate on the cross-points of S21 and S31. 
Therefore, it has a very narrow bandwidth of amplitude balance. In [14]，a dual band 
LC balun using lumped elements was proposed. In [15] and [16], sleeve-like dual 
band baluns were proposed to improve the measurement results. A balun using SIR is 
reported in [17]. It uses multi-section couple lines that have various characteristic 
impedance ratios to shrink the length of a quarter-wavelength coupled-transmission 
line and make it very easy to match various impedances of balanced output. However, 
it is for single band applications. 
In this thesis, we proposed a new configuration called partially coupled 
stepped-impedance coupled lines for dual band applications is proposed. This 
configuration combines the basic properties of coupled lines and SIRs. Compared 
with a fully coupled stepped-impedance coupled line as shown in Figure 1-2 [18], 
only one coupling coefficient is needed to be controlled in a partially coupled 
stepped-impedance coupled line for dual band applications. This feature greatly 
simplifies the design complexity. In addition, the structure has larger range of 
3 
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coupling coefficient to choose and is much easier to tune. The proposed 
configuration is applied to the design of a novel dual band balun design as an 
example. The design procedure and formulas are developed by using matching 
conditions of the even- and odd- modes. A practical dual band balun working at 900 
M H z and 1.8 GHz has been designed, fabricated using stripline structure and 
measured. Good agreement between the designed and the measured results is 
obtained, which validates the new concept and the novel dual band balun 
configuration. 
Terminatioiio| " ] “ ° Port 2 
Port 1 — ~0 Termination 
Zi Zoe, Zoo Z2 
Partially coupled stepped-impedance coupled 
line has only one coupling coefficient 
+ e! • 02 
Termination 一 __ —~。 Port 2 
Port 1 一 \。Termination 
Zoel? Zool Zoe2j "^Ool 
Fully coupled stepped-impedance coupled line 
has two coupling coefficients 




1.2 Original Contributions 
Original contributions of this thesis include 1) Proposed a new RF passive circuit 
configuration called partially coupled stepped-impedance coupled lines for dual band 
applications. 2) Proposed a novel dual band balun circuit configuration using the 
proposed partially coupled stepped-impedance coupled lines. 3) A thorough theoretic 
study of the proposed coupled line structure and the design formula of the new dual 
band balun are given; and 4) the verification of the proposed new coupled line 
concept and the dual band balun configuration through a practical dual band balun 
using stripline structure. 
1.3 Chapter Outlines 
In Chapter 1，a brief introduction of the work presented in this thesis, the original 
contributions and the outlines of this thesis are presented. Then basic structures of 
SIR and properties of its main and spurious resonance frequencies are analyzed in 
Chapter 2. In order to make the logic flow of this thesis clear, traditional coupled line 
configuration will be described and analyzed first in Chapter 3. The analysis of 
partially coupled stepped-impedance coupled lines is also carried out with 
characterization of their dual band properties in the chapter. The dual band properties 
of three partially coupled stepped-impedance coupled lines are thoroughly 
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investigated and listed in Appendix I. In Chapter 4，a novel dual band balun is 
proposed as an example of the partially coupled stepped-impedance coupled lines. 
The design equations of the dual band balun are formulated by using matching 
conditions of the even- and odd- modes. Different design cases are studied, fVom 
which a design procedure and guidelines for such new dual band balun are given. A 
practical dual band balun working at 900 M H z and 1.8 G H z was fabricated to 
validate the new concept and the theory. The measured results match well with the 
electromagnetic simulated results. Some practical design issues of the proposed 
balun are also discussed. In Chapter 5, a conclusion will be made. 
6 





f I transmission lines are widely used in microwave and radio-frequency circuits. 
M Most applications of transmission line use uniform impedance lines. 
Transmission lines with stepped-impedance techniques have long been known as 
available resonators besides uniform impedance transmission lines. However, 
stepped-impedance resonators (SIRs) are hardly been used with an exception of 
impedance transformers. Some circuits were reported to employ SIR techniques with 
the benefits of reducing circuit size. SIR is less used for considerations of dual band 
applications. 
In this chapter, the basic structures of — , — and -type SIRs are 
4 2 ^ 
described. Impedance ratio Rz，which is an important parameter to analyze a SIR, 
will be defined. Properties of SIR such as resonance condition, spurious frequency 
7 
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and electrical length were discussed by analytical formulas. Applications for SIRs in 
literatures will be cited. 
2.2 Structure of Stepped-impedance Resonators 
The SIR is a TEM/quasi-TEM mode resonator composed with several 
transmission lines with different characteristic impedances. Figure 2-1 shows typical 
configurations of SIRs using niicrostrip or stripline structure. Where a), b) and c), 
4 /I. 
respectively, are examples of —, —, and -type SIRs. Other forms of SIRs are 
also available in coaxial cable, waveguide, etc. with fulfillment of conditions for 
TEM/quasi-TEM mode resonance. 
Z i , 6 i Z 2 , 6 2 
H K 
a )入 gMTypeSIR 
0/c —j "V-i — o/c 
Z l , O l Z 2 , 6 2 Z 3 , 8 3 Z 4 , 0 4 
4ri H l-T M K 
b) Two 入 g/2 Type SIRs 
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c )入 g Type SIR 
Figure 2-1. Typical types of SIR configurations. 
Characteristic impedances were defined as Z,. (i=l, 2, 3...) for different 
sections. Electrical lengths of different sections were defined as 6- (i=l, 2, 3...). 
Figure 2-1 shows some of typical types of SIR configurations. 
The common features in these structures are a short end, an open end and a step 
junction in between which compose a — SLR. The three types of SIRs shown in 
Figure 2-1 can be viewed as a combination of one, two or four — SIRs. Also, the 
4 
^ Z 
impedance ratio of a — SIR is defined as = — [7]. 
4 Z! 
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2.3 Resonance Conditions Analysis 
A, 
As stated in the previous section, and type SIRs can all be 
zip /l„ 
viewed as a combination of several — SIRs. W e take a — SIR shown in Figure 
4 4 
2-2 for analysis. 
Short-circuited Plane Open-circuited Plane. 
— J ” 
i 
I Zi, 02 I 
I Zi, 9i I 
T Y” 
义g 
Figure 2-2. A — SIR. 
4 
While the left end is a shorted end, when the whole structure resonates, the 
admittance Y " looking at the right terminal should be zero. From transmission line 
theory and impedance transform relations. W e can get: 
Z'=yZi tan6'i (1) 
1 — Z2 +yZ-tan^2 
Z Z'+yZ2 t a n 6*2 — Z: . (Z,+jZ: t a n 6*2) (2) 
2 Z2 + 7Z'taii6'2 
10 
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Substitute (1) into (2), we get: 
…， 1 Zo -Zi tan6'i tanO^ 
_ z Z,+yZ2 t a n 6*2 _ Zj . { jZ^ t a n + y Z j t a n 6*2) (3) 
2 Z2 +/Z'tan(92 
Since 7" = 0, therefore 
Z2 - Zi tan (9i tan 6*2 = 0 (4) 
Z2 (yZi tail (9i + jZ: tan (5) 
7 
Because /？^ = ^  , so we get: 
Zj 
tan6'i tan (92 = R^ (6) 
For a conventional uniform impedance resonator, = 1 , t a n t a n 沒2 = 1 , 
therefore, — while 0 < , < — . This is a traditional — resonator 
， 1 2 2 1，2 2 4 
resonating at the frequency corresponding to its electrical length. 
For simplification in the analysis, the electrical lengths of the two sections are 
chosen to be the same and denoted by 9. Therefore: 
1 1 
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6^=62=0 (7) 
Substitute to (6), we get: 
tair 6 = (8) 
When 0 < < 營,we get: 
6 = a r c t a u - J ^ (9) 
This means a SIR with impedance ratio of Rz resonates at the frequency 
corresponding to 0 which is equal to arctan.^^ . 
2.4 Spurious Resonance Frequencies 
As derived in the previous section, the solution for (8) is: 
(9 = ;r 士 arctan (10) 
From section 2.3, we know that for dominant resonance frequency, 
6 = arctan ^ J^ . For the first spurious frequency, the corresponding solution is 
12 
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OsA = arctan-y/^ from (10). For the second spurious frequency, the 
corresponding solution is ^SB = ^  + arctan.y/^ . Therefore, if the dominant 
resonance frequency is fi，the second and third resonance frequencies are fj and f], 
then: 
/ 2 _ OsA _ 几-a代tan沉 _ n ^ 
f\ ^ arctan^/^ arctan � a) 
h Gsb ；r +arctan n , , 
— = = P ^ = ?==" ‘ (lib) 
f\ G arctan ^ R^ arctan ^ R^ � ^ 
Also, if the physical length of a SIR is I with electrical length of 0, its 
first resonance frequency is determined by: 
一 c _ c _C'6 
(12) 
~e 
Here c is the speed of light in the substrate. Then the second and the third 
resonance frequencies can be determined by: 
ji 
fi = ( j= -l)/i (13 a) arctan ^ ‘ 
/ 3 = ( ~ - ^ 7 = + l)/i (13b) arctan � ， 
13 
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These two equations allow us to carefully choose impedance ratio Rz of SIRs to 
make the dual band devices working at the desired frequency bands. 
2.5 Applications of Stepped-impedance Resonator 
Techniques 
Most people use SIR techniques to reduce component size. In literature [8], 
different types of coplanar waveguide tri-section SIR structures were used to further 
reduce component size compared to conventional two-section SIR structures. 
Stepped-impedance technique is also reported in [17] for a Low Temperature 
Co-fired Ceramic (LTCC) balun. However, it was a single band balun and simply 
employed three coupled line sections with different impedance to replace 1/4 
wavelength coupled line section. 
For dual band consideration, SIR is mostly used in filters as reported in [9]-[ll]. 
It has also been reported in [12] that SIR was used to achieve dual band power 
divider. In this thesis, SIR was used to design a new type of dual band balun, which 
will be described in Chapter 4. 
14 
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W h e n two unshielded transmission lines are close to each other, power can 
be coupled from one transmission line to another because of the 
interaction of electromagnetic fields. These transmission lines together are referred 
as coupled line while usually three or more conductors are need in total. One is the 
common ground and others are signal lines. Figure 3-1 shows several types of 
coupled lines. Coupled lines are usually assumed to operate in T E M mode, which is 
rigorously valid for stripline structure and approximately valid for microstrip 
structure. In general, three metal conductors as shown in Figure 3-1 can support two 
distinct propagating modes. Coupled lines are widely used in couplers, hybrids, and 
filters, etc. 
15 
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Signal Line 
系 : S u b s t r a t e 
"“ Ground 
a) Coupled Microstrip 
Signal Line 
b vn^ 一 Substrate 
》4 »、‘ • * •、*;••、* * 4 <、1J^ * A 、\) 、 * • 
^ Ground 
b) Broadside Coupled Stripline 
l i ^ i r r . 
b • 「 ！ S u b s t i a t e 
Ground 
c) Edge Coupled Stripline 
b — S ubstrate 
: 雄 豹 : 乘 卿 向 ； 
Ground 
I倉ijrwiVr-wflri广、.'r命•wr!清fi、n?if?jint.r.tfr]in-riTf»ftofi、》’iVi^ Yih»vv》f»ti»tirmtT t^ yffwurwrii 
d) Coupled Stripline with Rectangular Shield 
：：：‘ " " ' 二 S i g n a l Line 
:：‘ ：：：：;：: ！ ： Substrate 
i 飽 J l ^ 鐵 : •觀 \ � . 
— ^ Ground 
' • ' • * • 
e) Coupled Rods between Plates 
Figure 3-1. Several types of different coupled line configurations. 
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In order to make the logic flow of this thesis clear, traditional coupled line 
configuration will be described and analyzed first in this chapter. Three cases of 
partially coupled stepped-impedance coupled line structures are then proposed and 
analyzed. Their frequency responses with dual band characterization are also 
thoroughly investigated and listed in Appendix I. 
3.2 Coupled Line Model 
The coupled line shown in Figure 3-1 or any three conductors can be represented 
as a model shown in Figure 3-2. Node A represents one signal wire and node B 
represented the other signal wire. G N D represents the common ground. 
Cll 丁 丁。22 
/ / / / / / / / ' / / 
G N D 
Figure 3-2. Capacitor model for three-wire coupled line structure. 
Assuming T E M mode propagate along a pair of coupled lines, then the electrical 
characterization of the complete structure can be derived from the effective 
capacitances between wires and the velocity of propagation along the lines. As 
depicted in Figure 3-2, Capacitor C12 represents the capacitance between two signal 
17 
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wires and Cn and C22 represent the capacitances between the signal wires and the 
common ground. In many applications, coupled line using microstrip or stripline 
structure has the property that Cii=C22 with symmetrical structure along the 
centerline of the two coupled lines. 
N o w Consider even-mode and odd-mode for the coupled line structure as shown 
in Figure 3-3. In even-mode, currents in both two signal lines have the same 
amplitude and same direction while in odd-mode, currents have opposite direction 
although have the same amplitude. 
+v ！ +v 
M i k - 1 - — - f 
/ / / / / / / / / / / / / / / / / / / / / / 
I H-wall G N D 
(a) 
+V / -V 
/ ， 银 A Cn C22 
/ / / / } ； / / / / / / / / / / / / / / / / / 
\ E-wall G N D 
(b) 
Figure 3-3. (a) Even- and (b) odd-mode excitations for a coupled line and their equivalent capacitor circuit 
models. 
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For even mode excitation, the electrical field is symmetry about the centerline of 
the coupled line and leads to open for the capacitor C12. Therefore, for equivalent 
circuit model shown in the top right of Figure 3-3, capacitor of signal line to ground 
of even mode Ce is: 
(14) 
Where C12 is positive infinite. Assuming two lines have identical width and 
location, the even impedance of coupled line for even mode is [19]: 
_ [ T 一 风 — 1 
= (15) 
Here v^ is the phase velocity of propagation on the line. 
For odd mode, electrical field is odd symmetry about the centerline of the 
coupled line and there exists a voltage null in the center of two coupled lines. This 
leads to a short end in the middle of the capacitor C12. Therefore, for equivalent 
circuit model shown in the bottom right of Figure 3-3, capacitor of signal line to 
ground of odd mode Co is: 
Q = C h + 2 C I 2 = C 2 2 + 2 C I 2 (16) 
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In addition, assuming two lines have identical width and location, the odd 
impedance of coupled line for odd mode is: 
^ _ 1 
= ^  (17) 
V ^  o ^ o ‘ p、.o 
The characteristic impedance for even- and odd- mode Zoe and Zo。are the 
characteristic impedance of the line to the ground when operating in even- and odd-
mode. When the coupled line is symmetrical and the fringing capacitors are identical 
for even- and odd- modes, an arbitrary excitation can always be regarded as a 
superposition of even- mode and odd-mode with appropriate amplitudes and can be 
analyzed by this even- and odd- mode analysis method. 
3.3 Analysis of Coupled Line 
For a parallel coupled line section as shown in Figure 3-4(a), by considering the 
superposition of even- and odd- mode excitations, we give current definition as 
shown ill Figure 3-4(b). Therefore we get: 
h =h + h (18a) 
h = h - h (18b) 
20 
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h = h - U (18c) 
14 + H (18d) 
(18) can also be written as: 
''i +^2) (19a) 
h - h ) (19b) 
h + A ) (19c) 
M =-^(^3 - h ) (19d) 
+ V 2 / + V 3 7 
I2 . : 3 hf—13 
j Z p e , Zqo / 
Ii —八 ^ 4 / ^ - I4 
L A 
~ I 1 — . 0 1 
(a) 
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/ vb +V3 7 
� i .丨 Zpe, Zqo ^ j\\ 
7 - T 
I 1 • 
0 1 
(b) 
Figure 3-4. Current and voltage definitions for a coupled line. 
In even mode, if the line is driven by current ii in port 1 and other ports leave as 
open-circuited, the impedance at port 1 and 2 is: 
= （20) 
The voltage on conductor can be expressed as [20]: 
vl(z) = vliz) = 满 = 2V;cos(j3(/-z)) (21) 
So voltage at port 1 or 2 is: 
vi (0) = vl (0) = 2V； cos(y^ /) = (22) 
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Therefore, (21) can be rewritten by substituting (20) and (22) as: 
�‘i(z> =如 ) = 州 - — ( 2 3 ) 
Similarly, voltage driven by current is in even mode is: 
V 如 = 杯 - y Z o 纖 , 3 (24) 
For odd mode，when driven by current 12 and other ports are all open-circuited, 
the impedance at port 1 or 2 is: 
对n = -7.Z00 cot(^/) (25) 
The voltage on either conductor can be expressed by: 
vliz) = -vliz) = 风 z-/) + e._—l、、= 2 厂0+ cos("(/ - z)) (26) 
Then voltage at port 1 or 2 is: 
v l ( 0 ) = (0) = 2V： cosim = i A (27) 
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Substituting (27) and (25) into (26), we can get: 
sin(奶'2 (28) 
For voltage driven by i4 in odd mode, we get: 
4,� 4,� .7 cos(/?z) • 
、 调 = - 會 ’ Z 。 。 ^ , 4 (29) 
N o w the total voltage at port 1 is: 
厂1 =vi(0) + v她+ v > ) + v > ) 
=-jiZ^Ji + Z o o i2) c o t 6' - jXZqJ^ + ^ Oo H ) CSC 6 (3。） 
Here 6 = ^ 1. Substituting (19) into (30)，then: 
Vx +Z0J2 +Zooh -Zo,/2)cot(9 
j (31) 
Therefore, for a Z matrix describing a four-port network 
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Zii Zi2 ^13 Zi4 
, 1 ,, 7-1，"i ，A 
“ ， w e can get Zn, Zn, Z13 and Z14. Similarly, other Z 
Z31 Z32 Z33 Z34 
Z42 Z43 
parameters can also be derived by the same procedure. The matrix elements are 
shown here: 
Zii =Z22 =^33 =Z44 +^0o)cot(9 (32a) 
Zl2 =^21 =Z34 =Z43 -Zoo)cot(9 (32b) 
Zi3 =Z31 =Z24 =Z42 -Zoo)csc<9 (32c) 
Zi4 二 Z41 =Z23 =Z32 (32d) 
A two-port network matrix can be derived by terminating two ports in a given 
load. For short- or open- end cases, there are ten possible combinations. W e can 
derive the A B C D matrices for the cases, from their Z matrices. 
W e have selected three cases, which will be used in our partially coupled 
stepped-impedance coupled lines. Their circuits and A B C D matrix are listed here: 
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1) 
— e 
, , Z,2 
— H h ^ 
Zii 7 7 
乙Oe，乙Oo 
Figure 3-5. Circuit type I. 
(Zq, + Zq J COS 0 
^ = 7 7 (33a) 
Zoe-Zoo V ， 
.Zq^Zq^ sin <9 
B = 7 ~ (33b) 
Zoe-Zoo ^ , 
2 9 9 
C = j~(Zo…oJ_CSC e • cos(2 的 一 e (33。） 
( Z p g + Z q ^ ) c o s ( 9 
D = 7 7 (33d) 
2) 
一 e • 
\—<‘ M—— 
, . Zi2 
~ • 0-] 
Zn 7 7 
O^ej 乙Oo 
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9 
B = ； ^ ^ O e + ^ O o r 如没cot没 (34b) ‘ 2 2(Zoe-Zoo) 
c = (340 
^Oe 一 ZOo 
爲 ) C O S 沒 (34d) 
^Oe -ZQO 
3) 
命 e 今 
^ r — , Z.2 
" Zoe, Zoo 
Figure 3-7. Circuit type III. 
Ill this case, the coupled line shows a characterization of all stop. W e list the 
elements of Z matrix instead of A B C D matrix 
Z " = -2‘/ 7 1 7 (35a) 
Zi2 = 0 (35b) 
Z21 = 0 (35c) 
Z22 =j(Zoe+Zoo)tan0 (35d) 
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3.4 Analysis of Partially Coupled Stepped-impedance 
Coupled Lines 
W e proposed new types of coupled line structures for dual band applications, 
which are called partially coupled stepped-impedance coupled lines as shown in 
Appendix I. To analyze our new structures, we first ignore the coupling between 
different sections of stepped-impedance coupled lines. Only the coupling between 
parallel coupled line sections will be considered. Under this assumption, the 
structures can be decomposed into three cascaded networks. 
W e know for a transmission line with electrical length of 0 as shown in Figure 
3-8’ its A B C D matrix can be expressed as: 
cos 6 jZ sin 6 
ABCD = • 1 ' • / — sin (9 cos6> (^o) 
_ Z _ 
令 e 
• H "h^ 
Figure 3-8. Schematic of a transmission line. 
Therefore, the transmission characterization, which is described by its A B C D 
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matrix of partially coupled stepped-impedance coupled line, can be derived by 
multiplying A B C D matrix for the cascade structures. 
3.5 Dual Band Properties of Partially Coupled 
Stepped-impedance Coupled Lines 
For seven cases of partially coupled stepped-impedance coupled lines listed in 
fi : 冗 1 
Appendix I，the frequency ratio is determined by ^ ~ r ^ 丄 while J1 arctan -w K: 
Z 
R. = —===. Zoe and Zqo are the even- and odd- mode characteristic impedance of 
yj^Oe^Oo 
coupled line sections. Z is the characteristic impedance of uncoupled section of the 
partially coupled stepped-impedance coupled lines. 
Z 
For impedance ratio R, = . = 2 , frequency ratio 
y^Oe^Oo 
fl. 一 ^ 1 一） O Q r "TT “ arctan ~ _ • From examples in Appendix I, we can see that the S 
parameters at normalized frequency =1 and 2.2885 are the same for different 
coupling coefficient C in all seven cases. This validates the dual band properties of 
our proposed partially coupled stepped-impedance coupled lines. In addition, while 
impedance ratio equals to one, this frequency ratio is 3, which corresponds to the 
single band case. 
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A Novel Dual Band Balun 




Balun is a passive electronic device that converts between balanced and unbalanced signals. It is generally used to achieve compatibility between 
systems. Baluns can find various applications in modem communications, 
particularly is used between a balanced mode defined port and an unbalanced mode 
defined port. One of a practical example is the signal transformation between the 
balanced output port of a power amplifier and the unbalanced port of an antenna. 
Since more and more multi-band and multi-functional wireless systems, such as 
W L A N , and multi-band mobile phones come to the market, dual band balun 
becomes an increasingly important element in a multi-frequency band RF front end. 
In this chapter, a novel dual band balun is proposed as an example of partially 
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coupled stepped-impedance coupled lines. The design equations of the dual band 
balun are formulated by using matching conditions of even- and odd- modes. 
Different design cases are studied, from which a design procedure and guidelines are 
given. A practical dual band balun working at 900 M H z and 1.8 GHz was fabricated 
to validate the new concept and theory. The measured results match well with the 
simulated results. Some practical design issues of the proposed balun are also 
discussed. 
4.2 Theory of Balun 
Z n � I � 0 � Z o u t 
4-AAA/——. , Wv^ > 
Plane of symmetry s/c 
01, i Wv-c> 
o z C r C ® ^ 置 z � u t 
Figure 4-1. Balun configured as a symmetrical four-port network with one port terminated in a short or open 
circuit. 
With the port assignments defined in Figure 4-1, the S parameters characterizing 
the balun operation are given by: 
知 (37a) 
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<Sii=0 (37b) 
To analyze the above-mentioned balun, first we replace the open- or 
short-circuited terminal by a load Zjn to form a fully synimetrical network for even-
and odd- mode analysis as illustrated in Figure 4-2. This facilitates the 
decomposition of the network into even- and odd-mode circuits, shown in Figure 4-3 
(a) and (b), respectively. 
4 ^ © Qo / o u t 
Plane of symmetry | V W ^ 
A^A/v—— I V\AH> 
么 ， © L • ' © 180° Z�ut 




r — • T i ever^ 
E v e n - m o d e Z out 
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「odd 




Figure 4-3. (a) Even-mode circuit and (b) odd-mode circuit for the corresponding symmetrical four-port network 
in Figure 4-2. 
It can be shown [21] that (37) will be satisfied when the transmission and 
reflection coefficients in the even- and odd- mode circuit of Figure 4-3(a) and (b) are 
given by the following: 
=0 (38a) 
2 - 「 ( F e v e " + ^ o d d ) 
^even + ^ odd ~ ^ ^eveii^odd F _。 
~ + 淑 ) - 剛 
To make the analysis more systematical, we first derive the equation (38a) and 
(38b). As we can write some elements of S matrix in the above symmetrical balun 
circuit configuration shown in Figure 4-1 and 4-2 in terms of the even- and 
odd-mode reflection and transmission coefficients, we can get: 
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^even + ^ odd ^even + ^ odd ^even — ^ odd ^even — ^ odd -y-l 2 2 2 2 「厂+-
1 "^even + '^odd c c '^even 一 Todd ^ 
V2 = ~ i ^ 2^3 2 ~ Vl 
Vf ^even — '^odd a ^ 丁；卿 + r。况 y+ (39) 厂4-J I f 3  2 
Teven — "^oclcl '^even — '^odd "^even + ^ odd ^even + ^ odcl 
_ 2 2 2 2 _ 
Therefore, we derive that: 
y— _ ^even + ^ odd y+ + "^even + Todd y+ + ^even — Todd y+ + ^even — Todd y+ (4。） 
2 2 2 2 
Since F/ = F V^ because of the inverse direction of F definition, we can 
derive from the above matrix equation that: 
p Tgven — Todd p ^ even ~ Todd r T讓 + Todd 
n = r 2 厂 1 + + r 2 厂 " ^ 「 2 (41) 
I 厂 1 even 丁 丄 odd ^ j•^丄 gyg" 丄 odd | p ^  even 丄 odd 、、 
- 2 一 2 - 2 
Substitute (41) into (40)，we derive that: 
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p Teven Todd 
y- _ ( ^ even + [odd + ^even — ^ ocld 2 
2 2 1 厂 f g v e � + [ o d d 
~ 2 
p ^even — ^ odd 
+ ( Teven + "^odd + ^ even — Todd 2 )厂,+ 
2 2 1 r ^ even + ^ odd 
1 - 1 (42) 
p Teveii + Todd 
, / Teven — ^odd , Teven — ^odcl 2 \ t / + 
+ ( + ； f — F ^ 
^ Z 1 p 丄 卞丄 odd 
2 
Since T 二 1 + T，Therefore, we derive that: 
p Teveii — TqcU 
S _ � e v e f i + [ o d d ! Teven - Todd 2 
2 2 1 厂厂eve" + ^ ocld 
— 2 
_ ^even + ^odci + - ^odd ) ^ 
— 2 (43a) 
_ ^even ^odd ~ ^^even ^ odd ^ 
2 - ^i^even + ^odd ) 
p Teven - '^ochi 
Q _ ^evefi + Todd , "^even — "^odd 2 
0 2 1 一 1 
2 2 I 厂 i even + 丄 odd 
— 2 
一 ^eve/i + Todd + ^  丄 O^even — ^ odd )「 
一 — — — — — — — ^ ― 十 — — — — ^ ― — — 
2 4-2r(r^+r；淑） (43b) 
=2 + r�淑-r。淑 r - + r + ir。况 r) 
2 — ^ { ^ e v e n + [ o d d ) 
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�Teven + Todd 
rri rjn rjt rri -L 
e 一 even —丄 odd , ^ even — odd 2 
^31 = - + ； r r ? 
z Z I r 1 eve” 卞上 odd 
- 2 
=^even ~ ^ odd ^ [(「evg" +1)2 " i^odd + 丄广】厂 
2 4-2r(r 節,+「0 初） (43c) 
2 - 「 ( F e v e " + ^odd ) 
Therefore, substituting (43) into (37), we can get (38). For open-circuited case, 
「 = 1 . For short-circuited case, F = -1. Here we take open-circuited case into 
analysis in this thesis. Formulas and design procedure of short-circuited case can also 
be derived by the same method. In open-circuited case, F = 1, equation (43) can be 
simplified as [22]: 
Teven = 0 (4甸 
Zeven+Z,,,=2Z, (44b) 
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4.3 Analysis of the Proposed Dual Band Baluns 
Terminal 2 
Terminal 1 r — 
Z � I �---J _ 2Zl 
Terminal 4 � o/c z, e r=i I 
Terminal 3 
Zoe，Zoo, 0 Z，Q 
Figure 4-4. A novel dual band balun using partially coupled stepped-impedance coupled lines. 
W e proposed a novel dual band balun using partially coupled stepped-impedance 
coupled lines as shown in Figure 4-4. Figure 4-5(a) and (b) show the corresponding 
even- and odd- mode circuit. Here we suppose Zout=ZL and Zi„=Zo. 
广 T 
厂 丄 even ^ 
1 e ^ O ^ I 
i 
Z o f z,e Zoe, Zoo, e z,e S 
Xy 7 ，， 7 ， 
乙 even 乙 even 乙 even 
(a) 
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Zo〒 z,0 Zoe, Zoo, e z,e 
y 7 ’, 7 ‘ 々 
乙odd 乙odd 乙odd 
(b) 
Figure 4-5. (a) Even-mode circuit and (b) odd -mode circuit of the proposed dual band balun. 
First we investigate the coupled line section. For coupled line shown in Figure 
4-6, we know that this circuit has the properties of all stop, which means T _ 二 0 
as described in Chapter 3. The Y matrix of the coupled line can be expressed by: 
•Jkl^tan 没 0 
2 
Y= . 1 
G 7 ,7 (45) 
_ J 2 . 
O Port 2 
Port 1 O 
Zoe, Zoo，0 
Figure 4-6. Coupled line section for even- mode circuit. 
For coupled line section as shown in Figure 4-7, the Y matrix should be: 
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_ -iklikcot^ - y i k z i k c s c ^ 
2 2 
_ .>Vz2kcsc^ - y i k l i k c o t ^ (46) 
_ 2 2 _ 
O Port 2 
Port 1 〇 — 
Zoe, Zqo，0 
Figure 4-7. Coupled line section for odd- mode circuit. 
Therefore, we can get following equations for even- mode circuit shown in 
Figure 4-5 (a). 
Z + ./Z,tan^ (47) 
7 "= ^J^Oe^Oo 
謂 - - ( Z o j Z o o 一 (48) 
衝 ' - Z + yZ謂”tan没 
_ Z(Z(Zo, + Zq, ) tan^ ^  - 2ZQ,ZQ,) 
‘ (Z(Zo,+Zo,) + 2Zo,Zo,)tan^ 
-//? I7 7 ^z(^0e+^0o)tail(9 
yZoeZoo +RAZoe + '^Oo) ^ ' 
•p /7 7 2权c Z qo c o t <9 
一 jKzyj乙Qe乙Qo I ; 
For odd- mode shown in Figure 4-5(b), we can get following equations. 
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, Z ( Z ^ + yZtan^) 
= Z + yZ,tan^ ⑶） 
odd 一 V 丄 V » 
hi + ^ odd 
Yq^+YQ, co t� 
odd- z + y . Z - , W (52) 
N o w we get Zeven and Zodd which are functions of 0, Z, Zoe and Zoo. As 
described in Chapter 2, Rz and 0 are determined by two operating frequencies, 
therefore only Zoe and Zoo are left to be determined. W e first define an error function 
as below: 
f H + Z�dd - 2Zo I (53) 
W e can plot the error function once the two specified operating fi-equencies are 
given. Figure 4-8 shows the error function for a balun working at 2.4 GHz and 5.8 
GHz. 
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1 I I I / / / / / I BO- 75 I / / 
I - 爆 广 
1 / 0 Z 
/ Zoe-ZDo" 
. J ^ z Z 
0 I • I ' I ‘ I • I • 
0 5 1D 15 20 25 3C 
Zoo (Ohm) 
Figure 4-8. Contour lines of the error function for dual band balun working at 2.4 GHz and 5.8 GHz. The number 
stands for the value of the error function along the curve. 
W e can see that for this dual band balun, there are no exact solutions exist for 
any given Zoe (or Zoo) in a 50-Q system. 
However, for a conventional single band Marchand [23] balun working at 2.4 
GHz, 9 =90° and Zeven=0 Q. The error function becomes /= 4(Zo,Zo,)- ^ 
From error function for this balun shown in Figure 4-9, we can see that an exact 
solution always exist for any given Zoe (or Zoo) in a 50-Q system. 
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0 , I i I ‘ I i ~ ~ I ~ ‘ I ‘ ~ 
0 5 10 15 20 25 30 35 
Zoo (Ohm) 
Figure 4-9. Contour lines of the error function for a single band Marchand balun working at 2.4 GHz. The 
number stands for the value of the error function along the curve. 
There are many possible ways to modify the structure to minimize the error 
function for a dual band balun using the proposed structure. W e take the 2.4 GHz and 
5.8 GHz balun as an example. First let Re(z。,印+2。彻-2Zo) = o，we can then get 
Zoe=256 Q and Zo。=48 Q . Therefore Zeven=132j Q, Zodd=(100-185j) Q and 
+ Zodd - 2Zq = -52.7 j Ohm = -jLQ . We caii therefore add an inductor in the circuit 
schematic to minimize the error function and improve the balun performance as 
shown in Figure 4-10. 
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—— i ~ o 
！ 
Port ! - Port 2 
O-TY^-V^ 
O 
z,e I ^ ^ 1 ” 
Zoe, Zoo, 0 Z，Q 
Figure 4-10. Possible balun topology to minimize the error function. 
However, a lumped inductance has different reactance at different frequencies. A 
way to compensate the effect is to take a trade-off: add an inductor with the value of 
4 7 ： _ . 
— 'T o to let the error function for both operating fVequeiicies have the same 
/i + h 
value if total jL^ is required to let the error function be zero. 
One thing should be mentioned is that although the balun given above does not 
always have an exact solution, the performance is also good enough as described in 
the following sections. 
4.4 Design Case Study for the Proposed Dual Band Balun 
N o w we study the influence of different frequency ratios. 
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1) A = 3 
111 this case, Rz=l. All sections of stepped-impedance coupled lines have the 
same impedance. Therefore, it is not a so called stepped-impedance coupled line. The 
balun is a quarter-wavelength balun with 1/8 wavelength coupled. 
I n 0 = arctan = — . Figure 4-11 shows its topology. 
H M ^ 
Port l - Port 2 
0 
A Port 3 
8 —— O 
Zoe，Zoo，吾 yl^oe^Oo 
Figure 4-11. Balun topology when impedance ratio= 1. 
Figure 4-12(a) and (b) show the performance of a dual band balun working at 1 
GHz and 3 GHz. Here Zoe=17.4 Q，Zoo=10.0 Q , and 6=45°. 
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.舰—丨—_麗 
III"/—.¥——hlT^ —^—\ 
S S ^ _ 3 � _ I 
-40 - — t..... 丄—......--..；.............|^j-dB(S11)j 
. I 1 -<^dB(S21) 
i |-^dB(S31) 
- 5 0 - 1 ~ . ~ i ~ ~ . ~ i . ~ 4 J _ , _ i , I 
0.5 1.0 1.5 2.0 2.5 3.0 3.5 
Frequency (GHz) 
(a) 
1 8 1 . 0 - 1 ： 1 1 ！ 1 
： i I ； ; 
• I j ； ； I 
？ j 1 
2180.5- 1 ! 
. ‘ \ f\ I i 11 Jh I 
I -uf yil (j My Jh 
^179 5_ • 
• 丨 
' I I 
i I —o— Phase Difference (Degree) | 
1 7 9 . 0 - I ~ ~ . i . j• I • I . V 
0.5 1.0 1.5 2.0 2.5 3.0 3.5 
Frequency (GHz) 
(b) 
Figure 4-12. (a) Magnitude response and (b) phase response of a balun working at 1 GHz and 3 GHz. The desired 
phase difference should be 180 degree at 1 GHz and 3 GHz. 
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2) A > 3 
， f x 
In this case, Rz<l. High impedance sections couple. Figure 4-13 shows its 
topology. 
~ o 
Port 1 11 Port 2 
o 
乙Oe，乙Oo，口 Z i 9 
Figure 4-13. Balun topology when impedance ratio<l. 
Figure 4-14(a) and (b) show the performance of a dual band balun working at 1 
GHzaiid4GHz.HereRz=0.528，Zoe=10.6 fi , Zoo=8.3 Q, and 6=36°. 
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- 1 0 .....平今 ...-.4,,. . 1 ； 
•2。:— 1 ————.I—..I— 1 
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" 尝 " / ‘ V / i 、 
I - - 丨 — 
-50 ) — - [ - f 
！ I -o-dB(S21) 
I I I I 丨 I 各 d B i s 3 1 ) | 
-60 H—I—I—I—I—I—i—I~~^~I—j—I—I—I—j—I~ 
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 
Frequency (GHz) 
� 
181-0-I ！ ！ ： ^ 丨 
1 i , I I ； ： • 1 
- — 1 � ‘ � 180 5 
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0 1 
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I 7 9 5 : n 
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(b) 
Figure 4-14. (a) Magnitude response and (b) phase response of a balun working at 1 GHz and 4 GHz. The desired 
phase difference should be 180 degree at 1 GHz and 4 GHz. 
47 
A Novel Dual Band Balun Using Partially Coupled Stepped-impedai^e Coupled Lines 
3 )丘 < 3 
A 
In this case, Rz� l . Low impedance sections couple. Figure 4-15 shows its 
topology. 
— ° Port l - Port2 
o 
Zi,9 i T ^ . -
I oPort 3 
Zoe, Zoo, Q Zi，Q 
Figure 4-15. Balun topology when impedance rat io�1. 
Figure 4-16(a) and (b) show the performance of a dual band balun working at 
2.4 GHz and 5.8 GHz. Here Rz=1.72，Zoe=27.5 Q,Zoo 二 11.0 Q，Zi=30.2 Q, and 
8=52.7°. 
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(b) 
Figure 4-16. (a) Magnitude response and (b) phase response of a balun working at 2.4 GHz and 5.8 GHz. The 
desired phase difference should be 180 degree at 2.4 GHz and 5.8 GHz. 
From Figure 4-16 we can see that the performance is also good although no 
exact solutions exist for this case as described in previous sections. Here the value of 
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error function is about 30, not zero. 
4.5 Discussion 
In designing such a dual band balun, there are some issues should be paid 
attention. 
1) Solutions and Bandwidths 
For a conventional single band Marchaiid balun working at 2.4 GHz as shown in 
Figure 4-17. The error function is shown in Figure 4-9. Its response for different 
solutions is shown in Figure 4-18. W e can see that different solutions relate to 
different bandwidths. Smaller coupling coefficient has a narrower bandwidth. 
j 
~ ~ i O Port 2 
I 
Port 1 o j—— 
! 
0/C O [ I 
I o Port 3 
r i I 
Zeven，Zodd, 
Figure 4-17. Topology of a single band Marchand balun. 
50 
A Novel Dual Band Balun Using Partially Coupled Stepped-impedai^e Coupled Lines 
运 M . -B-dB(Sll) Solutionl 
⑴ -叫 W dB(S21)&dB(S31) Solutionl 
I -^clB(Sll) Solution2 
-50 - i i +dB(S21)&dB(S:31) Solution�： 
i 去 dB(Sll) solutions 丨 
I +dB(S21)&dB(S31) SolutionS 丨 
-60 ‘ ‘ ‘ ‘—— ‘ ^ ^ 1 
0.80 1.20 1.60 2.00 2.40 2.80 3.20 3.60 4.00 
Frequency (GHz) 
Figure 4-18. Performance for different solutions of a single band Marchand balun working at 2.4 GHz. Solution 1: 
Zoe=14.0 Q,Z0o=10.0 Q ； Solution 2: Zoe=26.2 Q,Zoo=15.0 Q; Solution 3: Zne=46.3 Q,Zoo=20.0 0 . 
For the proposed dual band balun, we can also plot the responses for a balun 
working at 2.4 G H z and 5.8 GHz in Figure 4-19 with different Zoe and Z。。solutions. 
I \ . 
__ 一 -»-dB(Sll) Solutionl L 
j O dB(S2l)&dB(S3l) Solutionl 
丨 ~#~dB(Sll) Solution： j 
-^dB(S21)&dB(S3l) Solution2 
dB(Sll) solutions 
！ -A-dB(S21)&dB(S31) SolutionS j 
-40 U 1 I I 
1.00 2.00 3.00 4.00 5.00 6.00 7.00 
Frequency (GHz) 
Figure 4-19. Performance for different solutions of a dual band balun working at 2.4 GHz and 5.8 GHz. Solution 
l:Zoe=23.1 Q,Zoo=10.0 Q; Solution2: Zoe=54.0 Q,Zoo=15.0 Q; Solution 3: Zoe=91.3 Q, Zoo=20.0 Q. 
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For a close view of 2.4 GHz band in Figure 4-20, we can also see that different 
solutions also relate to different bandwidths. However, in the dual band case, the 
bandwidth does not have a simple relation with different solutions because the values 
of error function for different solutions are different while in single band case the 
error function is always zero. 
云 1......^s；^  I . -B-dBCSll) Solutionl 
； ！ / ^ ^ -B-dB(S2l)&dB(S31) Solutionl 
1-15 .I..“•. i L y ^ j "^dB(Sll) Solution2 
I W 丨 -^dB(S2l)&dB(S3l) Solution2 
二—20 V \ 『 I -Tk-dB(Sll) solutions 
-A-dB(S21)&dB(S3l) solutions :-—t y—I— 
-30 1 i i ^ i 
1.80 2.00 2.20 2.40 2.60 2.80 3.00 
Frequency (GHz) 
Figure 4-20. Performance at 2.4 GHz for different solutions of a dual band balun working at 2.4 GHz and 5.8 
GHz. Solution 1: Zoe=23.1 Q, Zoo=10.() Q; Solution 2: Zoe二54.0 Q, Zoo=15.0 Q; Solution 3: Zoc=91.3 Q, 
Zoo=20.0 Q. 
2) Inductance Effect of Short-circuited End 
By converting impedance and electrical length to physical dimensions, we can 
52 
A Novel Dual Band Balun Using Partially Coupled Stepped-impedance Coupled Lines 
get S parameters by doing full wave electromagnetic simulations. Figure 4-21 shows 
electromagnetic simulation results obtained by Zeland 1E3D with dimensions 
calculated from Agilent Advanced Design System Line Calc for a dual band balun 
working at 2.4 GHz and 5.8 GHz. 
甚廷 g . -孤 - , —.• ....•..tJ ... .. .. 
U d B( J )》C^e^e^ 
： I d B ( B ( 3 , 1 ) ) 本 “ 
I I I I I I I j I I I I I I I I I III I j I I II 
‘ 2 3 4 5 6 ^ 
freq, G H z 
Figure 4-21. Electromagnetic simulation results of IE3D with dimensions calculated from ADS Line Calc for a 
dual band balun working at 2.4 GHz and 5.8 GHz. 
W e can see there is an offset of transmission zeros for S21 and S31. By changing 
topology in schematic level simulation and using curve fitting technique, we find that 
this offset is due to the inductance brought by shorted ends realized by via hole 
structure. 
The real model considering the inductance effect of short end is shown in Figure 
4-22. 
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I P o i t 3 P ^ ^ 
Figure 4-22. Dual band balun model considering the inductance effect of short end. 
There are three main ways to minimize the inductance effect caused by short 
ends. 
a). Multiple via hole shorted end. 
Simulation shows that more via holes can improve performance. This is because 
adding via holes means adding inductance in shunt which will reduce the total 
inductance. In our fabrication, we use three via holes for one short end. 
b). Larger via hole diameter. 
As we know, the larger diameter, the smaller inductance value. Therefore, we 
should choose larger diameter when possible. 
54 
A Novel Dual Band Balun Using Partially Coupled Stepped-impedai^e Coupled Lines 
3) Larger Insertion Loss at the Second Frequency Band 
From E M simulation in Figure 4-21, we can see that the loss at the second 
frequency band is larger than the lower frequency band. From the analysis of a single 
short end below, we can see adding short pin wall may be able to improve the 
performance. Figure 4-23 shows the magnitude of Sn for the single short end with 
and without fenced wall and Figure 4-24 shows their structures. 
0.9 -
！ K ^^^ 
0.7 - \ JT 
I. X ^ 
0-5 - Magnitude of S(l，l) without fenced wall 
I 
-.•...Magnitude of S(l, 1) with fenced wall ] 
0.4 ^ ‘ ‘ 二 ’ 
1 2 3 4 5 6 7 
Frequency (GHz) 
Figure 4-23. Magnitude of SI 1 for a short end with or without short pin wall for a lossy case. 00^0 
Figure 4-24. Structure of a single short end with (left) and without (right) fenced wall. 
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4.6 Fabrication of a Balun Working at 900 MHz and 1.8 
GHz 
To validate our theory, a dual band balun was fabricated using stripline structure 
as shown in Figure 4-25. A set of electrical parameters have been calculated. They 
are Zoe=18.47 Q, Zo。=7.81 Q, Z=35.05 Q, Rz=3, and e=60�. In addition, the 
reference impedance of the system is Zo=50 Q. Translating the electric parameters 
to physical dimension using stripline-type realization on a 2,.22-mm thick 
printed-circuit board with dielectric constant of 3.9 and loss tangent of 0.01, the three 
substrate layers' thickness are 0.71mm, 0.8mm and 0.71mm. The corresponding 
dimensions for each line shown in Figure 4-25 are: 
Line 1 to 3: Length=26.40 m m 
Width=2.32 m m 
Coupled Line 1 to 4: Length=26.57 m m 
Width=5.37 m m 
Separation=1.08 m m 
Line 4: Length=29.45 m m 
Width=0.84 m m 
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Figure 4-25. Balun structure using stripline structure. 
Figure 4-26 shows the appearance of physical realization of the prototype. 
Figure 4-27 shows the decomposed stripline structure of different layers. 
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i l l®: : ; : : : . . : : ) :丨;” 
Figure 4-26. Photo of the experimental prototype. 
議 ：：彩：； 
Figure 4-27. Photo of the decomposed experimental prototype. 
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The measured and simulated performances of the dual band balun are shown in 
Figure 4-28. The simulation is done by Zeland IE3D. 
-10 — aP^ /^  t ^ ^ "N. j ^^-―" 
1:称]：：11 ‘ 
-40 口 Measured Sll a Measured S21 • Measured S31 I 
—I E 3 D Sll •••IE3DS21 - • IE3D S31 | 
Schematic Sll — Schematic S21 — - Schematic S31j 
-50 ‘ ‘ I 
0.5 1.0 1.5 2.0 
Frequency (GHz) 
Figure 4-28. Comparison between simulated and measured results. 
This comparison suggests that the proposed dual band balun performs as good as 
theoretically predicted. This result is convincing enough to prove our theory. Figure 
4-29 shows the amplitude balance and phase difference of the balun at each operating 
band. From the figure, the 900 M H z band has an amplitude balance of less than 0.3 
dB and maximum of 3° phase difference. For 1.8 GHz band, the corresponding 
performances are 0.3dB and 2°. However, for this band, the balun has ripples for 
both amplitude balance and phase difference. This is most likely due to the poor 
manufacturing accuracy because we used three boards stacked together to realize the 
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S t r i p l i n e structure. 
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Figure 4-29. Difference between the measured and simulated results at (a) 900 MHz and (b) 1.8 GHz. 
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Conclusion 
I n this thesis, the basic structures of SIR are first introduced and the properties of 
its main and spurious resonance frequencies are analyzed. A novel structure 
called partially coupled stepped-impedance coupled line for dual band applications 
was proposed and analyzed based on the traditional coupled line theory. As an 
example of the proposed partially coupled stepped-impedance coupled line 
application, a novel dual band balun configuration is proposed. The design 
equations of the dual band balun are formulated by using the matching conditions of 
even- and odd- modes. Different design cases are studied, from which a design 
procedure and guidelines for such new dual band balun are given. A practical dual 
band balun working at 900 M H z and 1.8 GHz has been fabricated to validate the 
new concept and the theory. Measured results exhibits a good amplitude balance as 
well as a good phase balance within the two designed two operating frequency 
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